Background: Activated anaplastic lymphoma kinase (ALK) gene fusions are recurrent events in a small fraction of colorectal cancers (CRCs), although these events have not yet been exploited as in other malignancies.
Activated anaplastic lymphoma kinase (ALK) gene fusions, found in haematological and solid malignancies, have been successfully exploited as therapeutic targets in lung and inflammatory myofibroblastic tumours using the ALK kinase inhibitors crizotinib and ceritinib (Grande et al, 2011; Awad and Shaw, 2014) . In colorectal cancer (CRC), ALK rearrangements are recurrent events found in 0.4-3% of samples analysed and involve as partner genes EML4, C2orf44, or PRKAR1A (reviewed by Aisner et al (2014) ). Although expression of the resulting chimaeric transcripts was shown in some patients by PCR with reverse transcription (RT-PCR) analysis, the final evidence of ALK fusion protein expression in these tumours has been lacking, hampering the exploitation of these observations in the therapeutic setting of CRC.
Entrectinib is a selective pan-TRK, ROS1, and ALK kinase inhibitor with strong preclinical activity in multiple cancer models where these targets are constitutively activated (Ardini et al, 2013; De Braud et al, 2014; Sartore-Bianchi et al, 2015) . Entrectinib is currently being developed in phases I-II clinical studies in patients with tumours harbouring NTRK, ROS1, or ALK gene aberrations (De Braud et al, 2014) .
Screening of 487 CRC formalin-fixed, paraffin-embedded (FFPE) samples for ALK expression by immunohistochemistry (IHC) within the ALKA-372-001 phase I, first-in-human study of entrectinib identified a sample with high levels of ALK protein expression. This finding was extremely atypical and highly suggestive of a rearrangement event placing the ALK gene, not normally expressed in the colon, under ectopic control of a fusion partner promoter. We then confirmed by fluorescence in situ hybridisation (FISH) that an ALK gene rearrangement was in fact present . Here we report the molecular and clinical study of this CRC patient, which led to the discovery of a novel ALK rearrangement that was present in the primary tumour, in a thoracic lymph node, and in liver metastases. We also describe the objective response of this patient to entrectinib treatment, providing the first evidence of an ALK gene rearrangement as a clinically relevant therapeutic target in CRC.
MATERIALS AND METHODS
We detected ALK protein expression by IHC using the ALK mouse monoclonal antibody 5A4 (N-Histofine ALK Detection Kit; Nichirei Biosciences Inc., Histo-Line Laboratories s.r.l, Milan, Italy) and gene rearrangements by FISH using the LSI ALK Break Apart FISH Probe Kit (Vysis, Abbott Molecular, Abbott Park, IL, USA) as previously described .
To identify the ALK rearrangement partner, we subjected RNA from the primary tumour FFPE clinical samples to next-generation sequencing (NGS) analysis using targeted sequencing technology based on anchored multiplex PCR (Archer AMP; ARCHERDX, Boulder, CO, USA), customised for the detection of rearrangements of selected tyrosine kinases, including ALK, and allowing simultaneous identification of the fusion partner through an unbiased approach that did not require a priori knowledge of the gene fusion event. PCR/Sanger sequencing of the chimaeric transcript using primers spanning the fusion junction region confirmed the rearrangement. Mutations in KRAS and NRAS exons 2, 3, and 4 and BRAF exon 15; HER2 amplification; and ROS1 and NTRK rearrangements were assessed as previously described Siravegna et al, 2015; Valtorta et al, 2015) .
The patient was enrolled in the ALKA-372-001 phase I study (EudraCT Number: 2012-000148-88 ) and received treatment with entrectinib 400 mg m À 2 po qd, which was recently determined to be the recommended phase II dose (RP2D). Objective tumour response was measured by computed tomography (CT) using the Response Evaluation Criteria in Solid Tumours (RECIST version 1.1) (Eisenhauer et al, 2009 ).
RESULTS
The patient was a 53-year-old woman with metastatic CRC (brain, thoracic lymph nodes and liver) who was in disease progression after standard therapies, including surgery (right hemicolectomy), external beam radiation therapy to the CNS and thoracic lymph nodes, and two lines of chemotherapy, both based on oxaliplatin, 5-fluorouracil/leucovorin, and bevacizumab, administered before and after the radiation therapy. The primary tumour resected in (Figure 2A and B). These findings prompted us to enrol the patient in the ALKA-372-001 phase I study at the RP2D of 400 mg m À 2 po qd of entrectinib, starting in March 2015. The patient presented at baseline with ECOG performance status 0, stable and asymptomatic CNS disease, and progressive liver metastases. The first-response assessment via CT, which was performed in April 2015, 4 weeks after the beginning of treatment, showed a partial response per RECIST v1.1 with a decrease in the sum of the target lesions by 38% (Figure 3) . Computed tomography performed 4 weeks later in May 2015 confirmed this response. CNS metastases (brain and cerebellum) were stable. No drug-related adverse events were recorded, and the patient was responding and still under treatment with entrectinib as of July 2015.
DISCUSSION
In CRC, recurrent genetic lesions conferring oncogene addiction are only recently emerging as experimental therapeutic targets. These lesions are presently confined to gene amplifications and mutations, such as HER2 (Siena et al, 2015b) , MET (Bardelli et al, 2013) , and BRAF (Yaeger et al, 2015) . Activating gene rearrangements representing new potential therapeutic opportunities have only recently started to be exploited in the clinic . We recently reported the existence of NTRK1 rearrangements as recurrent events in CRC, and we discovered TRKA as a target in CRC by identifying an LMNA-NTRK1 rearrangement, leading to sensitivity to treatment with entrectinib in a patient with CRC refractory to standard therapies Sartore-Bianchi et al, 2015) . ALK rearrangements have also been reported in CRC (Aisner et al, 2014) , but no data are available regarding the effectiveness of specific ALK therapeutic inhibition in this clinical setting.
We recently applied IHC as a screening strategy to detect ALK rearrangements in CRC, leading to the identification of a positive sample harbouring an ALK rearrangement, as confirmed by FISH . Here we report the molecular characterisation of this metastatic CRC, revealing a novel CAD-ALK gene rearrangement, and the successful treatment of this patient with entrectinib.
The CAD gene encodes a trifunctional protein that is associated with the enzymatic activities of the first three enzymes in the six-step pathway of pyrimidine biosynthesis: carbamoylphosphate synthetase (CPS II), aspartate transcarbamoylase, and dihydroorotase (Grande-García et al, 2013) . CAD is expressed in normal colonic tissue, and its expression is increased in inflammatory bowel disease (Richmond et al, 2012) . CAD is also detected at medium-high levels in CRC by IHC (Uhlén et al, 2015) . The CAD-ALK chimaeric gene encompassed CAD exons 1-35 fused to the canonical exon 20 recombination site that was previously reported for ALK gene fusions (Grande et al, 2011; Awad and Shaw, 2014) . The chimaeric protein comprises the carbamoyl phosphate synthetase large-chain oligomerisation domain fused to the entire ALK kinase domain, potentially resulting in constitutive dimerisation causing ALK kinase activation. The chimaeric protein is expected to be sensitive to ATP competitive inhibitors such as entrectinib because it encompasses a drug-binding region identical to the corresponding wild-type ALK kinase. A recent IHC screening effort to detect ALK expression in 172 Korean CRC cases resulted in the identification of a strongly positive rectal adenocarcinoma sample, which was found to harbour a CAD-ALK (C35-A20) rearrangement (Lee et al, 2015) . In addition, one of the 50 CRC patients enrolled in a pathway-directed therapeutic trial (NEXT-1) was also found to harbour an EML4-ALK (E21, A20) rearrangement (Lee et al, 2015) . These data confirm the existence of ALK rearrangements as rare recurrent events in CRC.
Therapeutic inhibition of EML4-ALK with entrectinib in patients with non-small cell lung cancer has resulted in remarkable objective responses and clinical benefit (Siena et al, 2015a) . We provide the first evidence that treatment with an ALK inhibitor is effective in metastatic CRC involving an ALK gene rearrangement. Entrectinib at RP2D rapidly induced tumour shrinkage, achieving an objective response within 4 weeks of commencing treatment, which lasted 44 months and was maintained at the time of the present report (July 2015) . Although activated ALK rearrangements are rare events in CRC (Aisner et al, 2014; Medico et al, 2015) , a screening strategy based on simple ALK assessment by IHC followed by targeted NGS based on anchored multiplex PCR (Zheng et al, 2014 ) represents a feasible strategy, which will enhance the identification of patients who can benefit from entrectinib treatment in CRC and other histologies (Siena et al, 2015b) . The reason for reporting on a single case is the rarity of gene fusions in CRC; a large series for clinical studies would be possible only if pharmaceutical interest and rationale are triggered by the knowledge of successful uncommon cases such as this and other recently reported translocations .
The innovation of the present report resides in the discovery of the novel CAD-ALK rearranged gene in CRC, whose pharmaceutical blockade with a single agent, entrectinib, led to a clinically meaningful anti-tumour effect. Thus for the first time, we provide the proof of concept that ALK alterations can act as drivers in CRC, building a new step towards personalised therapy in this clinical setting.
